The importance of perceptive modelling for calculation of sound features is well-known. Use of simple perceptionbased adaptations of physically measured stimuli, like the the dB-scale for loudness, is a minimal requirement.
INTRODUCTION
Psychophysical experiments with human cognition of environmental stimuli revealed that human perception does not coincide with the physically measured intensity of the stimuli. G.T. Fechner (1801-1887) stated a logarithmic relationship now known to be not completely correct. Exact relations between stimuli and cognition are much more 1 The MoCA (movie content analysis) project at the University of Mannheim focuses on the extraction of semantic information from video material. Semantic information from the audio track of videos is also determined. In this context, the question frequently arises whether preprocessing of digitized signals according to human perception is worth the added expense.
We examined this problem with respect to loudness measures of sound signals. Loudness is the most basic information contained within an audio signal, similar to color in an image. In videos, for example, it may be used to determine suspense, because an increase (or decrease) in one normally accompanies an increase (or decrease) in the other. Another useful application would be to determine action based on the degree of change in loudness. Exact knowledge of the perceived loudness of different frequencies is also the basis for the determination of more complex content information like pitch, timbre or harmony and therefore has a vast impact on automatic indexing of large audio or video archives. It is vital thus to have a measure which gives the computer exact information on the level of loudness perceived by a human at a certain instant.
We have implemented a perception-based loudness measure based on findings in psychoacoustics. To prove the importance of such cognition-based preprocessing, we determined the correlation of our perceptive loudness measure with human estimates and compared the results to simple sound pressure level measures.
RELATED WORK
Experiments on the perception of loudness were performed by J. Merkel as early as the end of the last century, while only the development of electrical equipment could deliver more detailed information about the loudness relations of artificially produced and thus, in their physical parameters well-controlled, tones (see Stevens2 for an overview).
In their article in 1933, Fletcher and Munson3 published the foundations for the phon-scale, standardized by ISO in 1961 based on revised findings of Robinson and Dadson.4 At roughly the same time, experiments leading eventually to a standardization of the sone-scale were preformed During recent years, new experiments on subjective loudness measurements have been performed, some with the aim of producing a psychoacoustically complete model of the subjective perception of loudness,8 some with the aim of producing a real-time loudness meter."912
The model of loudness perception used in this paper is based on the standardized phon and sone scales. Its aim is to calculate profiles of subjectively perceived loudness of natural, continuously changing sounds. The system thus tries to imitate human loudness perception. The experiments performed are novel in that the humans are asked to estimate the loudness of continuously changing sounds. Traditionally psychoacoustic experiments on loudness are based on single, distinct percepts. However, it is important to consider the point of view of researchers into content analysis algorithms, who have to face not only single complex sounds, but continuously changing complex sounds.
DEFINITION OF LOUDNESS MEASURES
Our cognitive adaptation process begins with the sound intensity L 1dB], which is based on the amount of energy of a sound wave measured per area and time I, put into relation to the threshold of audibility of a 1 kHz tone T _in-12 J
10
IU m2sec L = 10 . log10
[dB].
(1)
The sound intensity, however, cannot be easily measured and is therefore frequently replaced by the sound pressure level (SPL) L [dBj. This defines the relation between the currently effective sound pressure p as exercised on a microphone membrane and the standardized reference sound pressure Po 2 . which relates to the threshold of audibility Jo: L=2O.log10? {dB]. When comparing sine waves of different frequency but same SPL, we find that their perceived loudness is also different. In extensive experiments, equal-loudness level contours (so-called isophons) were determined.13'14 They define the loundess level LN [phon] of a tone of frequency f by giving the SPL of a tone of 1kHz which sounds identically loud. Figure 1 shows the isophons, which have been standardized by ISO. '5"6 The isophons are defined by measured SPLs of different but fixed frequencies (see ISO15 for the table) . In order to calculate the loudness level of an arbitrary sine wave of frequency f and SPL L , we had to implement an algorithm which related the position of point (fr, L) to the four closest points in the table: (f8, L1), (fe, L2), (Ii, L3) and (fi , L4) with f8 being the highest frequency in the isophon table lower than f , Ii the lowest frequency higher than f , and L1 , L2 , L3 and L4 chosen such that (f , L) lies within the parallelogram built by (f ,L1 ), (f , L2), (ft , L3) and (Ii, L4) (see Figure 2 ). Using these points, we calculated two straight lines: (f8, L1) -(fi, L3) and (fe, L2) (fi, L4). These straight lines approximate the isophons quite well within the regarded area. Therefore, the loudness levels of (f8,L1) and (f1,L3) are identical (say: LN,1), as are those of (f5,L2) and (f1,L4) (say: LN,2). Next, we calculated the relative position of (fr, L) between the two straight lines at f = f and calculate the same relative position between LN,1 and LN,2 at f = 1 kHz, which gave us the required loudness level of (f , Li). In this last step, we assumed the scaling of the loudness level to be the same at every frequency.
The loudness level relates tones of different frequency to each other. However, upon hearing two sound sources both with the same loudness level, the resultant sound does not sound twice as loud as one of these sound sources alone.' Therefore, a relation between different loudness levels must be specified. This is performed by a measure called loudness N [sone].17" The alterations in SPL necessary to double the perceived loudness can be seen in Figure 3 , which may be described approximately by': From this, we can deduce a function for the calculation of the loudness. The loudness value for a loudness level of LN 40 dB is defined as 1 some. For values above 40 dB, Zwicker'8 gives an exponential function: N =2 L% dB which is based on the above-mentioned SPL changes. As we did not find a function in the literature to describe loudness for LN < 40 dB, we deduce it from equation (3).
To double a given loudness value, we need to add L. And we know that N(40 dB) = 1 sone. We get the linear equation system:
Representing equation (4) logarithmically and substituting M(1og10 L) =log10 N(L) results in:
In equation (6), M(1og10 L) is a linear function, because when incrementing the value by log10 , the function value increases by log10 2:
From equation (6) , we can deduce the gradient a (define it as a constant called A0):
The value of b results from equation (5) 
Finally, when inserting equations (8) and (9) into equation (7), and substituting back log10 N(L) = M(1og10 L), we arrive at the loudness function for LN <40 dB: together with equations (7) and (8): A closed form for the loudness function results when the SPL L is replaced by equation (1):
This approximated loudness function can be seen in Figure 4 . It only relates to the 1 kHz tone, but the abscissa may also be labeled with the loudness level LN such that this function explains loudness differences of two different sine waves A and B.
Figure 4. Function of loudness1
In order to determine loudness measures of complex tones, we need to integrate the loudness measures of different sine waves. Psychoacoustical experiments, however, have found out that it does not suffice to simply add up individual loudness measures.18 The integral loudness of two sine waves which are close in frequency is calculated by adding their SPL5* . If, however, they are far enough apart, their loudness may simply be added. This critical distance is described by so-called frequency groups. It is dependent on the frequency and can be seen in For tonality measures, a table was standardized for lined-up frequency groups (see table 1 ). We use this table to determine whether two tones are within the same frequency group. This is not quite the same as what the ear does, because the ear does not divide sound into absolute frequency groups, but categorizes it dependent upon the appearing frequencies. However, this approach gives an acceptable approximation.
Calculation of the integral loudness (IL) of a complex tone is now performed as follows: The partitioning used for the SPL values had to be done in a different way. Experiments showed, that for a loudest SPL of 70 dB, given to be ff, values below about 30 dB were judged as pp, values above about 67 dB as ff and the other classes required about 10 dB eacht . Therefore, we decided to divide the SPL range of values in an "inverse arithmetic" way, assigning a size of S to ff, 2S to f, . . . , and 58 to pp. Table 2 gives an overview of the material used in the experiments. In order to avoid a disturbing cut, the material was faded in and out over one second. The calibration produced a loudness perception of ff for each piece except for piece 3, which received an f for its loudest part. Table 2 .
Material used in experiments
The five test people chosen were all between 18 and 30 years old in order to reduce possible effects of reduced hearing capabilities on loudness estimates. The tests were all performed using the same sound system and the same loudspeakers in a relaxed atmosphere so as to minimize pressure. But people still needed 5 to 10 mm of practice before they became accustomed to the task. They also had difficulty concentrating on the task, especially during the long piece No. 7. One person even stated that after a while she judged her perception of pitch rather than the loudness of this piece! We also discovered that not all people are equally sensitive to changes in loudness -some changed their estimates more often while others equalized more.
Figures 6 and 7 show as an example the results of the IL and the SPL measures compared to the arithmetic mean of the human loudness estimates for the test pieces 6 and 7, accumulated to seconds. These give a rough idea of how well the IL approximates the human perception of loudness, while the SPL concentraes on the levels mf and f. Even though pp takes up one third of the dB-values, it hardly ever appears.
A detailed analysis of the similarity was performed on all test pieces. We calculated the average standard deviation ( on the scale of l="pp" to 5="ff"), variance and correlation of the integral loudness and the SPL from the arithmetic mean of the human loudness estimates. The results can be seen in table 3. Interesting is a comparison of these results with the average standard deviation, variance and correlation of the results of the five test people with the arithmetic mean of their loudness estimates (see table 4 ).
Clearly, the IL measure always surpasses the SPL measure, with as much as 10 to 20% less (average) standard deviation. The variance of the standard deviation and correlation are also unmistakably better. Yet, the IL results still are not nearly as good as the results of the humans. A look at the diagrams (see Figures 6 and 7) shows that this might be due to a considerably delayed human reaction. A human cannot decide about a percept and press the corresponding button as fast as a computer can react to a change in loudness. To prove this, we delayed the computer results of piece 3 by one second. This resulted in an increase in correlation by 10% for both SPL and IL. An additional delay by another second failed to increase these results further.
CONCLUSION AND OUTLOOK
The experiments with the two loudness measures SPL and IL showed that it makes a significant difference whether or not a loudness measure is modelled according to human perception. Our suggested measure of cognitive loudness For an abruptly starting sine wave on a headphone, 70 dB is already quite painful. IL already very closely approximates the curve of human estimates of loudness (see e.g. the average results of person P4 compared to the average results of IL) . The mathematical operations necessary to perceptualize the SPL are expensive, however, especially when applied during a real-time process of feature extraction from audio. Therefore, more detailed experiments on the value of each of the proposed processing steps is necessary. It could well be that not all steps need to be performed to achieve a significant improvement.
Sea of Love
Overall, we can say that if perceptive adaptation is already important with regard to loudness measurements, it must be even more important for more complex sound measures like pitch and timbre. 
